TITLE OF THE INVENTION 
FIELD EMISSION COLD CATHODE DEVICE OF LATERAL TYPE 
CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is based upon and claims the 
benefit of priority from the prior Japanese Patent 
Application No. 2000-351610, filed November 17, 2000, 
the entire contents of which are incorporated herein by 
reference . 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a field emission 
cold cathode device of a lateral type, a manufacturing 
method thereof, and a vacuum micro-device. 

2. Description of the Related Art 

In recent years, a field emission cold cathode 
device utilizing Si semiconductor processing techniques 
has been actively developed. As a typical example of 
such a device, a field emission cold cathode device 
of a vertical type described by C.A. Spindt et al in 
Journal of Applied Physics, Vol. 47, 5248 (1976) is 
known. This field emission cold cathode device has, 
on a Si single-crystalline substrate, a conical emitter 
and a gate electrode disposed to surround the distal 
end of the emitter. 

A field emission cold cathode device of a lateral 
type (Tech. Digest of IEDM 85, p. 172 (1985)) proposed 
by R. Green, H.F. Gray et al in view of the problems of 
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the field emission cold cathode device of a vertical 
type is also known. This field emission cold cathode 
device has an emitter and gate electrode disposed on 
one substrate to oppose each other. The field emission 
5 cold cathode device of a lateral type is advantageous 

in that it can be manufactured easily and provide 
a high yield. 

According to the field emission cold cathode 
device of a lateral type, an emitter end face opposing 

10 the gate electrode has, in a direction perpendicular to 

the substrate surface, a sharpness of about 80 nm to 
500 nm corresponding to the emitter thickness, and 
a sharpness of about 40 nm to 250 nm as the radius of 
curvature of the distal end. In a direction parallel 

15 to the substrate surface, however, this emitter end 

face is parallel to the gate electrode and has zero 
sharpness. In other words, the emitter end face 
opposing the gate electrode does not have a three- 
dimensional sharpness but only has a two-dimensional 

20 sharpness, and has a high driving voltage. This is the 

disadvantage of this device. When the emitter end face 
is to be sharpened three-dimensionally, a sharpness 
exceeding that of the lithography cannot be obtained. 
Thus, the sharpness usually stays at about 50 nm to 

25 100 nm in a direction parallel to the substrate 

surface. When the number of precise lithography steps 
increases, the merit of simplifying the manufacturing 
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method declines. 

As a field emission cold cathode device, one using 
fullerenes or carbon nanotubes to form an emitter 
is proposed (for example, Jpn. Pat* Appln. KOKAI 
5 Publication No. 10-149760). Since the distal ends of 

the fullerenes or carbon nanotubes have a small radius 
of curvature, they can decrease the driving voltage 
and improve the field emission efficiency. Since the 
fullerenes and carbon nanotubes less depend on the 
10 atmosphere and are less influenced by the residual gas, 

they are expected to operate also at a low vacuum 
degree . 

In the cold cathode device of this type, the 
emitter can be formed by dispersing fullerenes or 

15 carbon nanotubes in an organic solvent, passing the 

dispersion through a ceramic filter, and bonding the 
fullerenes or carbon nanotubes on the filter onto 
a substrate. The emitter can alternatively be formed 
by depositing fullerenes or carbon nanotubes on a 

20 substrate directly by CVD or the like. Furthermore, 

the emitter can also be formed by dispersing fullerenes 
or carbon nanotubes in a thick film paste, printing the 
paste, and sintering the paste at a high temperature 
(about 500°C to 800°C) . 

25 With the method of bonding or depositing 

fullerenes or carbon nanotubes onto a substrate, the 
emitter is adhered weakly, and is easily separated by 



a strong field applied to it. With the method of 
forming fullerenes or carbon nanotubes by printing,, 
the performance may be decreased or degraded by causes 
such as high-temperature sintering. With both bonding 
and printing, the resulted carbon nanotubes are not 
oriented well to an extracting electrode, and the 
problems of an increase in driving voltage, nonuniform 
electron emission, and the like exist. 

With the bonding method, since carbon has a high 
chemical resistance and is difficult to etch, it is 
very difficult to pattern carbon to correspond to the 
cathode interconnection. With the depositing method 
in accordance with CVD, a transition-metal catalyst is 
necessary, and must be very small. This increases the 
resistance of the interconnection, leading to signal 
delay or the like. With the printing method, the film 
has a high resistance, and it is difficult to form 
a thick film. Therefore, a low-resistance interconnec- 
tion is difficult to form, and signal delay or the like 
also tends to occur. 

In this manner, as the field emission cold cathode 
device, various types of devices are proposed, e.g., 
a lateral one aiming at improvement of the drawbacks 
of the vertical device, and one using carbon nanotubes 
or fullerenes to form the emitter. The conventionally 
proposed field emission cold cathode device is, 
however, not sufficient in terms of sharpness, driving 
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- voltage, reliability, yield, manufacturing easiness, 

and the like. Under these circumstances, in a field 
emission cold cathode device of a lateral type and 
a vacuum micro-device using it, a device structure and 
5 a manufacturing method that can achieve a low driving 

voltage, a high field emission efficiency, and a high 
integration degree are sought for. 

BRIEF SUMMARY OF THE INVENTION 
"I According to a first aspect of the invention, 

J= 10 there is provided a field emission cold cathode device 

\J of a lateral type comprising: 

n\ a support substrate; 

J, a cathode electrode disposed on the support 

substrate and having a first side surface; 
\ n 15 a gate electrode disposed on the support substrate 

to be laterally side by side with the cathode electrode 
and having a second side surface opposing the first 
side surface; and 

an emitter disposed on the first side surface to 
2 0 oppose the second surface, the emitter comprising 

a metal plating layer formed on the first side surface 
and a plurality of granular or rod-shaped micro-bodies 
supported in the metal plating layer in a dispersed 
state, the micro-bodies consisting essentially of 
25 a material selected from the group consisting of 

fullerenes, carbon nanotubes, graphite, a material 
with a low work function, a material with a negative 
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electron affinity, and a metal material. 

According to a second aspect of the present 
invention, there is provided a vacuum micro-device 
comprising : 
5 a support substrate; 

a cathode electrode disposed on the support 
substrate and having a first side surface; 

a gate electrode disposed on the support substrate 
laterally side by side with the cathode electrode and 
10 having a second side surface opposing the first side 

surfacem- 
an emitter disposed on the first side surface 
to oppose the second surface, the emitter comprising 
a metal plating layer formed on the first side surface 
15 and a plurality of carbon nanotubes supported in the 

metal plating layer in a dispersed state; 

a surrounding member cooperating with the support 
substrate to form a vacuum discharge space that 
surrounds the cathode electrode, the gate electrode, 
2 0 and the emitter; and 

an anode electrode disposed on the surrounding 
member at a position opposite to the cathode electrode 
and the gate electrode* 

According to a third aspect of the present 
25 invention, there is provided a method of manufacturing 

a device according to the first aspect, comprising: 

forming an intermediate structure by disposing the 



cathode electrode and the gate electrode on the support 
substrate; 

preparing a plating suspension by suspending 
the micro-bodies in a plating solution for the metal 
plating layer; and 

forming the metal plating layer on the first 
side surface of the cathode electrode by dipping the 
intermediate structure in the plating suspension and 
subjecting the intermediate structure to a plating 
process, the metal plating layer comprising the micro- 
bodies dispersed therein. 
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

FIG. 1 is a sectional view showing a flat image 
display device as an example of a vacuum micro-device 
to which a field emission cold cathode device of a 
lateral type according to an embodiment of the present 
invention is applied; 

FIG. 2 is a partial plan view of the device shown 
in FIG. 1; 

FIG. 3 is a sectional view of the main part of the 
device shown in FIG. 1; 

FIG. 4A is an enlarged view showing the relation- 
ship between rod-shaped micro-bodies such as carbon 
nanotubes and a metal plating layer, and FIG. 4B is 
an enlarged view showing the relationship between 
granular micro-bodies such as fullerenes and a metal 
plating layer; 



FIG. 5 is an enlarged view showing the relation- 
ship between hollow rod-shaped micro-bodies and a 
filler layer; 

FIGS. 6A to 6C are views showing a method of 
manufacturing a field emission cold cathode device of 
a lateral type according to another embodiment of the 
present invention in the order of steps; and 

FIGS. 7A to 7C are views showing a method of 
manufacturing a field emission cold cathode device of 
a lateral type according to still another embodiment of 
the present invention in the order of steps. 

DETAILED DESCRIPTION OF THE INVENTION 

The embodiments of the present invention will be 
described with reference to the accompanying drawings. 
In the following description, constituent elements 
having substantially the same function and arrangement 
are denoted by the same reference numerals, and 
a repetitive description will be made when necessary. 

FIG. 1 is a sectional view showing a flat image 
display device as an example of a vacuum micro-device 
to which a field emission cold cathode device of 
a lateral type according to an embodiment of the 
present invention is applied. FIG. 2 is a partial plan 
view of this device, and FIG. 3 is a sectional view of 
the main part of this device. 

As shown in FIG. 2, this display device has pairs 
of cathode electrodes 22 and gate electrodes 24 to 



respectively correspond to a large number of pixels 
arranged in a matrix. The cathode electrodes 22 are 
connected to cathode lines 12 running in the vertical 
direction in FIG. 2, and the gate electrodes 24 are 
connected to gate lines 14 running in the horizontal 
direction in FIG. 2. 

All the cathode electrodes 22 and gate electrodes 
24 are formed on the flat major surface (the upper 
surface expending in the horizontal direction in 
FIG . 1) of a glass-made insulating support substrate 
16, as shown in FIGS. 1 and 3. In each pixel, 
a cathode electrode 22 and gate electrode 24 run 
laterally side by side at a small gap of 1 /zm to 30 /zm 
on the support substrate 16. An emitter 2 6 and gate 
projection 28 with structures to be described later in 
detail are disposed on those opposite side surfaces 22a 
and 24a of the cathode electrode 22 and gate electrode 
24, which oppose each other. The cathode lines 12, 
gate lines 14, and the like are built in a wiring 
structure 18 formed on the support substrate 16. 

A transparent opposite substrate 32 made of glass 
is disposed to oppose the glass-made support substrate 
16, to form a vacuum discharge space 33 between them. 
The distance between the two substrates 16 and 32 is 
maintained by surrounding frames and spacers 34. 
A transparent common electrode, i.e., an anode 
electrode 36, and a fluorescent layer 38 are formed 
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on that surface of the opposite substrate 32 which 
opposes the support substrate 16. 

In this flat image display device, when the 
voltage between the gate electrode 24 and cathode 
5 electrode 22 of each pixel is arbitrarily set through 

the corresponding gate line 14 and cathode line 12, 
whether the pixel is to be turned on or off can be 
selected. More specifically, the pixels can be 
Q selected by so-called matrix driving of applying 

■Q 10 a predetermined potential as a selection signal to 

\\ the cathode lines 12 in synchronism with sequentially 

selecting the gate lines 14 and applying a predeter- 
mined potential to them. 
j. afe When certain one gate line 14 and certain one 

15 cathode line 12 are selected and predetermined 

; ,B f potentials are applied to them, only the emitter 26 

located at the intersection of the selected gate line 
14 and cathode line 12 operates. Electrons emitted 
from the emitter 26 are attracted by the anode 
20 electrode 36 and the gate electrode 46, wherein 

electrons directed to the anode electrode 36 reach 
the fluorescent layer 38 at a position corresponding 
to the selected emitter 26, and cause the fluorescent 
layer 38 to emit light. 
25 As shown in FIG. 3, each emitter 2 6 comprises 

a metal plating layer 42 and a plurality of granular or 
rod-shaped micro-bodies 44. The metal plating layer 42 
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is selectively formed in the vicinity of the opposite 
side surface 22a of the corresponding cathode electrode 
22. The micro-bodies 44 are supported in the metal 
plating layer 42 in a dispersed state and made of 
5 a conductive material. In this embodiment, the metal 

plating layer 42 serves as a resistance ballast layer 
for improving the current emission stability and the 
planar uniform field emission properties. The micro- 
bodies 44 serve as a terminal for emitting electrons. 

10 More specifically, the metal plating layer 42 is 

preferably formed to have a resistance ballast effect. 
Hence, the resistivity of the metal plating layer 42 
is set to 10~ 8 Qm to 10~ 4 Qm, and preferably 
10~ 7 Qm to 10~ 4 Qm. For this purpose, the metal 

15 plating layer 42 contains an additive material, e.g., 

B and P, or PTFE (polytetraf luoroethylene) , for 
increasing its resistance. When a Ni-B-P-based Ni 
plating layer is used as the metal plating layer 42, 
the concentration of B is set to 3% to 40%, and that 

20 of P is set to 7% to 40%. When a PTFE-containing Ni 

plating layer is used as the metal plating layer 42, 
the concentration of PTFE is set to 0.1% to 30%. 

The metal plating layer 42 is formed only on the 
opposite side surface 22a of the cathode electrode 22 

25 or, in addition to there, on that portion 22b of the 

upper surface (surface opposing the anode electrode 36) 
of the cathode electrodes 22 which is in the vicinity 
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of the opposite side surface 22a, as shown in FIG. 3. 
In this case, a length LI (see FIG. 3) of the 
additional portion 22b is set to be 25% or less 
a length LO of the entire upper surface of the cathode 
5 electrode 22. This is because since only the gate 

electrode 24 and its vicinity can substantially serve 
as the emitter, no effect is obtained by further 
extending the metal plating layer 42. 
CI The micro-bodies 44 are made of rod-shaped bodies 

10 such as carbon nanotubes (in FIG. 3, the micro-bodies 

\\ 44 are rod-shaped bodies) , or of granular bodies such 

m as fullerenes. FIG. 4A shows a case wherein the micro- 

l g* bodies 44 are rod-shaped bodies 44a such as carbon 

^ nanotubes. In this case, most of the rod-shaped 

15 bodies 44a are fixed as their bases are buried in 

f M the metal plating layer 42, while their upper portions 

are exposed to the surface of the emitters 26. 
Alternatively, the rod-shaped bodies 44a are entirely 
covered thin with the metal plating layer 42, and 
20 projections accordingly appear on the surface of the 

emitter 26. FIG. 4B shows a case wherein the micro- 
bodies 44 are granular bodies 44b such as fullerenes. 
In this case, the granular bodies 44b are fixed as they 
are buried in the metal plating layer 42 such that they 
25 are partly exposed. Alternatively, the granular bodies 

44b are entirely covered thin with the metal plating 
layer 42 and projections accordingly appear on the 
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surface of the emitter 26. 

As the granular or rod-shaped micro-bodies 44 
improve the electron emission characteristics of the 
emitter 26, they must have a small radius or radius 
5 of curvature. More specifically, when the micro-bodies 

44 are granular bodies, their radius is set to 100 nm 
or less, and preferably 30 nm or less. When the 
micro-bodies 44 are rod-shaped bodies, the radius of 
curvature of their distal ends is set to 50 nm or less, 

10 and preferably 15 nm or less. 

When the micro-bodies 44 are made of rod-shaped 
bodies such as carbon nanotubes, to improve the 
electron emission characteristics, they are preferably 
oriented toward the gate electrode 24. More specif i- 

15 cally, 50% to 100% of rod-shaped micro-bodies 44 are 

preferably oriented within an angular range of ± 20° 
relative to the direction of the flat major surface of 
the support substrate 16 (the horizontal direction in 
FIGS. 1 and 3) . 

20 This orientation of the rod-shaped micro-bodies 44 

can be achieved by forming an electric field between 
the cathode electrode 22 and gate electrode 24 when 
a plating process is performed by using a plating 
suspension of micro-bodies 44, as will be described 

25 later. More specifically, in the plating process, when 

a positive potential is applied to the gate electrode 
24 with respect to the cathode electrode 22, the 
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conductive micro-bodies 44 are oriented mainly along 
the electric force line of the electric field between 
the cathode electrode 22 and gate electrode 24. 

If the rod-shaped micro-bodies 44 are long ones 
5 that bridge the cathode electrode 22 and gate electrode 

24, the two electrodes 22 and 24 are short-circuited. 
When, for example, the distance between the two 
electrodes 22 and 24 is 1 Aim to 30 /zm, rod-shaped 
micro-bodies 44 shorter than this distance is 

10 preferably used. Hence, when preparing the plating 

suspension, the micro-bodies 44 that are classified in 
accordance with a predetermined length can be used. 
However, as will be described later, even after the 
micro-bodies 44 are disposed, a gap can be formed 

15 between the emitter 26 and gate projection 28. 

Therefore, the length of the micro-bodies 44 before 
formation is not a limiting one. 

Although the micro-bodies 44 are preferably made 
of carbon nanotubes or fullerenes, they can also be 

2 0 made of other materials. As the other materials to 

form the micro-bodies 44, graphite, a material with a 
low work function, a material with a negative electron 
affinity (NEA) , a metal material, or the like can be 
used. More specifically, LaB 6 , A1N, GaN, Mo, Ta, W, 

25 Ta, Ni, Cr, Au, Ag, Pd, Cu, Al, Sn, Pt, Ti, Fe, carbon, 

graphite, diamond, Si, TiN, TiC, beta W, SiC, AI2O3, 
ZnO and particularly tetrapod-shaped ZnO having sharp 



pods, aluminum borate ( 9A1 2 03 * 2B 2 0 3 ) and particularly 
filler-type aluminum borate, potassium titanate, and 
the like can be used. When the micro-bodies 44 are 
hollow, a filler layer 45 made of a conductive material 
can be formed in micro-bodies 44, as shown in FIG. 5. 

The carbon nanotubes and fullerenes described 
above are both allotropes of carbon, and are basically 
of the same nature. A singular-shaped extremely 
long fullerene forms a carbon nanotube. The basic 
type of fullerene is C 60 formed of 6- and 5-membered 
carbon rings and has a diameter of about 0.7 nm. 
The structure of C^q is as follows. Twelve vertices 
of a regular icosahedron which form pentagonal prisms 
are all truncated to form a truncated icosahedron 
(consequently a dotriacontahedron) . All vertices of 
the icosahedron are occupied by carbon atoms with sp 2 
hybrid orbitals. Other than C^o a practically 
infinite number of high-order fullerenes with carbon 
numbers exceeding 60, e.g., C70 c 76' Cq 2 , c 84' c 90' 
C96' "'r c 240/ c 540/ c 720' and the like exist. 

As fullerenes are hollow, an onion-like fullerene 
in which many layers of low-order fullerenes fill 
a high-order fullerene like an onion exists. Such 
a fullerene is called a super fullerene. The layer-to- 
layer distance of the super fullerene is 0.341 nm. 
For example, a fullerene in which C240 fills C540 and 
C^o further fills C 2 4q is expressed as C6Q@ C 240@ C 540 * 



The symbol @ indicates that a fullerene with this 
symbol is a nested fullerene which nests a molecule 
or atom described before this symbol therein, 

A fullerene can nest a metal in its hollow 
portion. An example of such a metal-nested fullerene 
includes La@C 60 , La@C 76 , La@C 84 , La 2 @C 80 / Y 2 @C 84 , 
SC3@C 8 2' and the like, A heterofullerene in which 
an element other than carbon, e.g., N, B, or Si, is 
incorporated in the skeleton of a fullerene has also 
been studied. 

A fullerene can be prepared by gasifying carbon by 
subjecting graphite to laser radiation, arc discharge, 
resistance heating, or the like, causing cooling, 
reaction, and cohesion of gasified carbon while passing 
it through helium gas, and collecting it with a 
collecting member. 

The gate projection 28 opposing the emitter 2 6 has 
a metal plating layer 4 6 and a plurality of granular or 
rod-shaped micro-bodies 48. The metal plating layer 46 
is selectively formed on the opposite side surface 24a 
of the gate electrode 24. The micro-bodies 48 are 
supported in the metal plating layer 46 in a dispersed 
state and made of a conductive material. The metal 
plating layer 46 and micro-bodies 48 of the gate 
projection 28 are made of the same materials as those 
of the metal plating layer 42 and micro-bodies 44, 
respectively, of the emitter 26. During the plating 



process of forming the emitter 26 and gate projection 
28, assume that a positive potential is applied to the 
gate electrode 24 with respect to the cathode electrode 
22. Then, the thickness of the metal plating layer 4 6 
and the concentration of the micro-bodies 48 in the 
gate projection 28 become smaller than the thickness of 
the metal plating layer 42 and the concentration of 
the micro-bodies 44, respectively, in the emitter 26. 

In the field emission cold cathode device of 
a lateral type according to this embodiment, the 
micro-bodies 44 of the emitter 2 6 are supported by 
the cathode electrode 22 through the metal plating 
layer 42. Therefore, the micro-bodies 44 are firmly 
fixed to the cathode electrode 22. An emitter with 
a high adhesion strength that can endure even a strong 
field can be obtained, and the stability of field 
emission can be improved. 

The metal plating layer 42 of the emitter 26 
preferably contains an impurity for obtaining a so- 
called resistance ballast effect. For example, as the 
metal plating layer 42, a Ni-B-P-based plating layer 
or PTFE-containing Ni plating layer with a resistance 
higher than that of a Ni plating layer is used. 
Thus, a potential drop is caused by the metal plating 
layer 42. Even if the radii of curvature or shapes of 
the distal ends of the respective emitters 26 differ, 
the field strengths of the distal ends of the emitters 



are substantially decreased by the resistance ballast 
effect. The instability and nonunif ormity of field 
emission are thus improved greatly. Regarding this, 
in the conventional device, if the radii of curvature 
or shapes of the distal ends of the respective emitters 
2 6 differ, the field strength distributions differ. 
Accordingly, the nonunif ormity of the field emission 
characteristics becomes conspicuous . 

FIGS . 6A to 6C are views showing a method of 
manufacturing a field emission cold cathode device of 
a lateral type according to another embodiment of the 
present invention in the order of steps. This device 
is applicable to the device shown in FIG. 1. 

First, a metal cathode electrode 22 and metal gate 
electrode 24 were formed on a support substrate 16 made 
of glass. The cathode electrode 22 and gate electrode 
24 were formed each with a highly conductive Ni plating 
film having a thickness of 2 jam by considering signal 
delay in a large field emission display. The gap 
between the cathode electrode 22 and gate electrode 24 
was formed by lithography with an exposure apparatus 
such as a stepper . 

The cathode electrode 22 and gate electrode 24 
were covered with plating resist films 52, respec- 
tively, to expose only their side surfaces 22a and 24a 
that oppose each other (FIG. 6A) . Alternatively, the 
plating resist films 52 can be formed to additionally 



expose the upper surface portions of the two electrodes 
22 and 24 in the vicinities of the opposite side 
surfaces 22a and 24a. In this case, a length LI (see 
FIG . 3) of an additional portion 22b is set to be 25% 
or less a length LO of the entire upper surface of the 
cathode electrode 22. Alternatively, the plating 
resist films 52 can be formed to expose only the 
opposite side surface 22a of the cathode electrode 22 
which forms an emitter 26. 

25g of nickel sulfate, 40g of sodium phosphinic 
acid, lOg of sodium acetate, lOg of sodium citric 
acid, and 30g of boric acid were dissolved in 1 litter 
of distilled water. An electroless Ni-B-P-based 
resistance plating solution adjusted to about PH 5 
for metal plating layers 42 and 4 6 was thus formed. 
About 50g of fullerene C^q or carbon nanotubes 
classified to a predetermined length and for forming 
micro-bodies 44 were mixed in this plating solution. 
This plating solution was then suspended in a plating 
tank 56 by agitation, thus preparing a plating 
suspension 54. The temperature of the plating 
suspension 54 was then maintained at about 8 0°C. 
In this state, the support substrate 16, on which the 
cathode electrode 22, gate electrode 24, and plating 
resist films 52 were disposed in the above manner, was 
dipped in the plating suspension 54. An electroless 
plating process was performed (FIG. 6B) . 
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The electroless plating process was performed for 
about 3 minutes. Ni-B-P-based electroless resistance 
plating layers (metal plating layers 42 and 4 6) having 
a thickness of about 3 jum were formed on the opposite 
5 side surfaces 22a and 24a of the exposed cathode 

electrode 22 and gate electrode 24. During this 
plating process, the fullerenes or carbon nanotubes for 
forming the micro-bodies 44 precipitated together with 
the plating material. Thus, the metal plating layers 

10 42 and 4 6 were formed with the micro-bodies 44 being 

buried in them in a dispersed state. 

More specifically, with the above electroless 
plating process, the emitter 26 and a gate projection 
28 were formed on the opposite side surfaces 22a and 

15 24a of the cathode electrode 22 and gate electrode 24, 

respectively. The emitter comprised the metal plating 
layer 42 and micro-bodies 44. The gate projection 28 
comprised the metal plating layer 4 6 and micro-bodies 
48. On the glass-made support substrate 16 between 

20 the cathode electrode 22 and gate electrode 24, 

adhesion of the metal plating layer was weak. At this 
portion, a metal plating layer was not substantially 
formed, or even if it was, it was easily separated by 
an ultrasonic wave. Therefore, after washing with 

25 water and drying, a field emission cold cathode device 

of a lateral type with a predetermined structure 
applicable to the device shown in FIG. 1 could be 



obtained (FIG. 6C) . 

In this case, the electroless plating process was 
performed. Thus, the thickness of the metal plating 
layer 42 and the concentration of the micro-bodies 44 
in the emitter 2 6 became substantially equal to the 
thickness of the metal plating layer 46 and the 
concentration of the micro-bodies 48, respectively, 
in the gate projection 28. 

The field emission characteristics of the field 
emission cold cathode device manufactured in accordance 
with the method shown in FIGS. 6A to 6C were measured. 
Even when a strong field of as high as 10 7 V/cm or more 
was applied to the distal end of the emitter 26, the 
emitter 2 6 remained firmly adhered to the cathode 
electrode 22 and did not separate. The emitter 2 6 thus 
showed stable field emission characteristics. On the 
other hand, an emitter was formed without no metal 
plating layer 42 but with only fullerenes of carbon 
nanotubes. When such a strong field was applied to the 
emitter, an emitter separating phenomenon was observed, 
and only unstable field emission characteristics were 
obtained. 

In the device of this embodiment, also partly 
because of the resistance ballast effect of the Ni-B-P- 
based metal plating layer 42, the current emission 
stability improved by 2% to 30%. The planar uniform 
field emission properties also improved. When compared 
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to a Mo emitter fabricated by spin deposition, the 
radius of curvature of the distal end of the emitter 
was greatly decreased. More specifically, the radius 
of curvature was decreased from a range of about 7 0 nm 
to 30 0 nm to a range of about 1 nm to 30 nm. Hence, 
the driving voltage also was greatly decreased from 
about 10 0V to about 7V. When the vacuum degree 
decreased from about 10~ 9 Torr to about 10" 7 Torr, 
in the Mo emitter fabricated by spin deposition, the 
emission current decreased to about 1/10 or less and 
current fluctuation increased by several hundred % or 
more, while they did not substantially change in the 
device of this embodiment. 

FIGS. 7A to 7C are views showing a method of 
manufacturing a field emission cold cathode device of 
a lateral type according to still another embodiment 
of the present invention in the order of steps. 
This device is also applicable to the device shown in 
FIG. 1. 

First, a metal cathode electrode 22 and metal gate 
electrode 24 were formed on a support substrate 16 made 
of glass in the same manner as in the embodiment shown 
in FIGS. 6A to 6C . The cathode electrode 22 and gate 
electrode 24 having a thickness of 1 fxm were formed 
each with a highly conductive Ni plating film by 
considering signal delay in a large field emission 
display. The cathode electrode 22 and gate electrode 



24 were covered with plating resist films 52, respec- 
tively, to expose only their opposite side surfaces 22a 
and 24a that oppose each other (FIG. 7A) . The range of 
the two electrodes 22 and 24 that are to be covered 
with the plating resist films 52 can be changed as 
described above. 

600g of nickel sulfamine acid, 5g of nickel 
chloride, 30g of sodium phosphinic acid, 40g of boric 
acid, and lg of succharin were dissolved in 1 litter 
of distilled water. A resistance plating solution 
adjusted to about PH 4 for metal plating layers 42 and 
4 6 was thus formed. About 4 0g of carbon nanotubes for 
forming micro-bodies 44 were mixed in this plating 
solution. This plating solution was then suspended 
in a plating tank 66 by agitation, thus preparing 
a plating suspension 64. The temperature of the 
plating suspension 64 was then maintained at about 
50°C. In this state, the support substrate 16, on 
which the cathode electrode 22, gate electrode 24, and 
plating resist films 52 were disposed in the above 
manner, was dipped in the plating suspension 64. 
An electroplating process was performed (FIG. 7B) . 
The voltages were set such that 100V, 10V, and OV were 
applied to an anode 68, the gate electrode 24, and the 
cathode electrode 22, respectively. 

The electroplating process was performed for about 
4 minutes. Ni-B-P-based resistance plating layers 



(metal plating layers 42 and 46) having thicknesses of 
about 4 nm and 0.5 /xm, respectively, were formed on 
the opposite side surfaces 22a and 24a of the exposed 
cathode electrode 22 and gate electrode 24. During 
this plating process, the fullerenes or carbon 
nanotubes for forming the micro-bodies 44 precipitated 
together with the plating material. Thus, the metal 
plating layers 42 and 4 6 were formed with the micro- 
bodies 44 being buried in them in a dispersed state. 

More specifically, with the above electroplating 
process, an emitter 26 and gate projection 28 were 
formed on the opposite side surfaces 22a and 24a of 
the cathode electrode 22 and gate electrode 24, respec- 
tively. The emitter 2 6 comprised the metal plating 
layer 42 and micro-bodies 44. The gate projection 28 
comprised the metal plating layer 46 and micro-bodies 
48. On the glass-made support substrate 16 between the 
cathode electrode 22 and gate electrode 24, adhesion 
of the metal plating layer was weak. At this portion, 
a metal plating layer was not substantially formed, 
or even if it was, it was easily separated by an 
ultrasonic wave. Therefore, after washing with water 
and drying, a field emission cold cathode device of 
a lateral type with a predetermined structure 
applicable to the device shown in FIG. 1 could be 
obtained (FIG. 7C) . 

In this case, the electroplating process was 



performed with a positive potential being applied to 
the gate electrode 24 with respect to the cathode 
electrode 22. Thus, the thickness of the metal plating 
layer 46 and the concentration of the micro-bodies 48 
in the gate projection 2 8 became smaller than the 
thickness of the metal plating layer 42 and the 
concentration of the micro-bodies 44, respectively, in 
the emitter 26. The carbon nanotubes were distributed 
mainly along the electric force line of the electric 
field between the cathode electrode 22 and gate 
electrode 24. More specifically, the proportion of the 
nanotubes oriented within an angular range of ± 2 0° 
relative to the direction of the flat major surface of 
the support substrate 16 (the horizontal direction in 
FIGS . 1 and 3) was set to 50% to 100%. This proportion 
could be changed (accordingly, the electron emission 
characteristics could be changed) by adjusting the 
condition for the electroplating process. 

The field emission characteristics of the field 
emission cold cathode device manufactured in accordance 
with the method shown in FIGS. 7A to 7C were measured. 
Even when a strong field of as high as 10 7 V/cm or more 
was applied to the distal end of the emitter 26, the 
emitter 26 firmly adhered to the cathode electrode 22 
and did not separate. The emitter 2 6 thus showed 
stable field emission characteristics. 

In the device of this embodiment, also partly 



because of the highly oriented carbon nanotubes and the 
resistance ballast effect of the Ni-B-P-based metal 
plating layer 42, the current emission stability 
improved by 4% to 50%. The planar uniform field 
emission properties were also improved. When compared 
to a case wherein the carbon nanotubes were not 
oriented, the driving voltage was also improved by 
about 3%. This is probably because the orientation 
properties of the carbon nanotubes improved. In the 
same manner as in the embodiment shown in FIGS. 6A to 
6C, this device was resistant against a high vacuum 
degree, and the emission current and current 
fluctuation substantially did not change. 

In the embodiments shown in FIGS. 6A to 6C and 
FIGS. 7A to 7C, the fullerenes or carbon nanotubes are 
dispersed in the plating solution, and the plating 
process is performed. The fullerenes or the like 
precipitate and come into contact with the surface of 
the cathode electrode 22, and simultaneously the metal 
plating layer 42 is formed. Therefore, the metal 
plating layer 42 is firmly fixed to the cathode 
electrode 22, and the fullerenes or the like are firmly 
fixed to the metal plating layer 42. A high-adhesion 
emitter 26 that can endure even a strong field was 
obtained, thus improving the stability of electron 
emission. Since the plating process is performed at 
a low temperature of about 100°C or less, the emitter 
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2 6 can be fabricated with less damage. If the cathode 
electrode 22 and the like are formed on the support 
substrate 16 in advance, the metal plating layer 42 
can be selectively formed on the cathode electrode 22, 
5 thus simplifying the process. 

In the embodiments shown in FIGS. 6A to 6C and 
FIGS. 7A to 7C, the lengths of the carbon nanotubes or 
the diameters of the fullerenes, and the thicknesses of 
the metal plating layers 42 and 4 6 to be deposited are 

10 adjusted in advance. This is to prevent the emitter 2 6 

and gate projection 28 from being short-circuited by 
contact. Even when the emitter 2 6 and gate projection 
28 are short-circuited by contact, they can be cut 
apart to form a gap between them by supplying power 

15 across the cathode electrode 22 and gate electrode 24. 

With this method, by appropriately adjusting the 
energization time, current amount, and the like, 
a shorter gap can be formed between the gate and 
emitter than in a case employing ordinary lithography. 

20 Alternatively, in the embodiments shown in 

FIGS. 6A to 6C and FIGS. 7A to 7C, the micro-bodies 44 
and 48 may be respectively entirely covered thin with 
the metal plating layers 42 and 46. Then, the surface 
of the micro-bodies 44 and 48 may be partly exposed by 

25 using one or a combination of wet etching, RIE, CDE, 

sputtering, and sublimation. In the embodiments shown 
in FIGS. 6A to 6C and FIGS. 7A to 7C, the Ni-B-P-based 



- 28 



metal plating layer is used as the metal plating layer 
42 of the emitter with the resistance ballast effect. 
Alternatively, a PTFE-containing Ni plating layer may 
be used. In this case, the PTFE-containing Ni plating 
5 layer can be formed by suspending PTFE in a Ni plating 

solution. As the matrix metal of the metal plating 
layer, other metals, e.g., Cr, Cu, and the like may be 
used. 

The field emission cold cathode device of 
10 a lateral type according to the present invention can 

be used in a vacuum micropower device, an atmosphere- 
resistant device (a space device, a nuclear device, 
an ultimate-atmosphere-resistant device (radiation- 
resistant device, high-temperature-resistant device, 
15 and low-temperature-resistant device) ) , various 

types of sensors, and the like, in addition to the 
applications described above. 

According to the present invention, since a 
plurality of granular or rod-shaped micro-bodies made 
20 of a conductive material can be fixed firmly with 

a metal plating layer, the adhesion strength of the 
emitter increases. Thus, a high-performance field 
emission cold cathode device of a lateral type which is 
excellent in stability and uniformity of field emission 
25 can be obtained. 

Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, 



the invention in its broader aspects is not limited 
the specific details and representative embodiments 
shown and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents 



